Introduction {#Sec1}
============

The Higgs boson provides a new probe for physics beyond the standard model (SM). A precise measurement of its couplings to the SM particles is certainly one of the most promising ways to search for deviations from the SM. The tree-level couplings of the SM Higgs are determined solely by the particle masses and the vacuum expectation value $\documentclass[12pt]{minimal}
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                \begin{document}$$v\approx 246$$\end{document}$ GeV; a global fit to these couplings yields good agreement with the SM predictions within current experimental uncertainties, see e.g. Ref. \[[@CR1]\]. Couplings to massless particles like the photon or gluons are necessarily loop-induced, which allows for new physics to affect the numerical value or the Lorentz structure of these couplings in a significant way.

In fact, the loop-induced couplings to photons as well as to gluons were essential to the actual discovery of the Higgs boson, for example through $\documentclass[12pt]{minimal}
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                \begin{document}$$gg\rightarrow H\rightarrow \gamma \gamma $$\end{document}$ \[[@CR2], [@CR3]\]. The good agreement with the theoretical prediction of this process within the SM leaves little room for any large impact of new physics here (for comprehensive reviews on Higgs physics at the Large Hadron Collider (LHC), see Refs. \[[@CR4]--[@CR7]\]).
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                \begin{document}$$VH$$\end{document}$ production, or Higgs-Strahlung for short, is one of the main production modes for Higgs bosons at the LHC. Despite its rather small cross section, its feature of providing a tag through the electro-weak gauge boson in the final state recently allowed the first observation of the Higgs decay to bottom quarks, which is swamped by background $\documentclass[12pt]{minimal}
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                \begin{document}$$b\bar{b}$$\end{document}$ production in other major Higgs production modes. Focusing on boosted-Higgs events and advanced jet-substructure analyses is a promising direction to further separate the signal from the background \[[@CR8]\].Fig. 1Sample Feynman diagrams that contribute to the $\documentclass[12pt]{minimal}
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                \begin{document}$$gg\rightarrow ZH$$\end{document}$ process at leading order

Another unique feature of the Higgs-Strahlung process $\documentclass[12pt]{minimal}
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                \begin{document}$$pp\rightarrow VH$$\end{document}$ is its appearance in two variants: $\documentclass[12pt]{minimal}
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                \begin{document}$$V=W$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$V=Z$$\end{document}$. In the SM, the amplitudes are related through next-to-leading order (NLO) QCD by well established symmetry properties of the SM. At next-to-next-to-leading order (NNLO) QCD, however, these two concepts are no longer sufficient to relate $\documentclass[12pt]{minimal}
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                \begin{document}$$WH$$\end{document}$ to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ZH$$\end{document}$ production. This is mostly due to a loop-induced contribution to $\documentclass[12pt]{minimal}
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                \begin{document}$$ZH$$\end{document}$ production whose leading-order (LO) partonic amplitude is given by $\documentclass[12pt]{minimal}
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                \begin{document}$$gg\rightarrow ZH$$\end{document}$. The corresponding Feynman diagrams contain either boxes or triangles of bottom or top quarks, see Fig. [1](#Fig1){ref-type="fig"} (lighter-quark contributions are numerically negligible in general). In the SM, the box and triangle contributions interfere destructively, which leads to an enhanced sensitivity to physics beyond the SM (BSM).

Quite generally, loop-induced processes are particularly sensitive to new physics, since its effects are likely to be of the same order as the SM process in this case. The sub-process $\documentclass[12pt]{minimal}
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                \begin{document}$$gg\rightarrow ZH$$\end{document}$, however, is only one contribution to the general Higgs-Strahlung process of $\documentclass[12pt]{minimal}
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                \begin{document}$$ZH$$\end{document}$ production, albeit a separately-finite and gauge-independent one. Moreover, it is suppressed by two powers of the strong coupling constant $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ with respect to the dominant $\documentclass[12pt]{minimal}
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                \begin{document}$$q\bar{q}$$\end{document}$-initiated contribution.

It would thus be desirable to separate event samples which are due to the "Drell-Yan-like" production mechanism, where at LO the Higgs is radiated off an off-shell *Z* boson produced in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$q\bar{q}$$\end{document}$ annihilation, from the ones due to the gluon-initiated process $\documentclass[12pt]{minimal}
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                \begin{document}$$gg\rightarrow ZH$$\end{document}$. First steps in this direction have been taken in Refs. \[[@CR9], [@CR10]\]. In the latter paper, it was pointed out that the relative contribution of the $\documentclass[12pt]{minimal}
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                \begin{document}$$gg\rightarrow ZH$$\end{document}$ process to $\documentclass[12pt]{minimal}
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                \begin{document}$$ZH$$\end{document}$ production depends strongly on the kinematical region of the final state. For example, while it constitutes only about 6% of the total cross section (at order $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s^2$$\end{document}$), its relative contribution is more than twice as large in the so-called boosted regime, $\documentclass[12pt]{minimal}
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                \begin{document}$$p_T>150$$\end{document}$ GeV. Clearly, such an effect needs to be taken into account in experimental analyses of the $\documentclass[12pt]{minimal}
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                \begin{document}$$ZH$$\end{document}$ production process, in particular since it carries such a large sensitivity to new physics.

In this paper, we propose a data-driven strategy to extract the gluon-initiated component (or, more precisely, the non-DY component) for $\documentclass[12pt]{minimal}
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                \begin{document}$$ZH$$\end{document}$ production. It is based on the comparison of the $\documentclass[12pt]{minimal}
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                \begin{document}$$WH$$\end{document}$ cross section and the corresponding invariant mass distribution of the $\documentclass[12pt]{minimal}
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                \begin{document}$$VH$$\end{document}$ system. The required theory input in the SM is the ratio of the DY-like components for $\documentclass[12pt]{minimal}
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                \begin{document}$$WH$$\end{document}$ production, which can be predicted very reliably already now, and is expected to improve even further in the foreseeable future. We study the impact of various possible structures in models for new physics, such as modified Yukawa couplings, extended Higgs sectors, or vector-like quarks (VLQs). In order to estimate the expected experimental uncertainties, we simulate a recent ATLAS analysis with Monte-Carlo events, and extrapolate it to higher luminosities. We find that the estimate of systematic uncertainties becomes the limiting factor for the measurement, highlighting the importance of a detailed investigation of systematic effects, and potentially an optimization of the experimental analysis towards the extraction of this ratio from data.

Theory prediction for *VH* production {#Sec2}
=====================================

Definition and features {#Sec3}
-----------------------

Let us consider the following theoretical decomposition of the inclusive $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \begin{aligned} \sigma ^{VH} = \sigma ^{VH}_{\text {DY}} + \sigma ^{VH}_\text {non-DY}, \end{aligned} \end{aligned}$$\end{document}$$where, by definition, the DY component can be written as$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \begin{aligned} \sigma ^{VH}_{\text {DY}} = \int \mathrm{d}q^2\,\sigma _{V}(q^2)\,\frac{\mathrm{d}\Gamma _{V^*\rightarrow VH}}{\mathrm{d}q^2} + \Delta \sigma ^{VH}_\text {EW}. \end{aligned} \end{aligned}$$\end{document}$$In Eqs. ([1](#Equ1){ref-type=""}) and ([2](#Equ2){ref-type=""}), the electro-weak corrections $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \sigma ^{VH}_\text {EW}$$\end{document}$ are understood to be fully attributed to $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma ^{VH}_{\text {DY}}$$\end{document}$, i.e., by definition, $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma ^{VH}_\text {non-DY}$$\end{document}$ does not receive any electro-weak corrections. At LO perturbation theory, the DY-like terms for $\documentclass[12pt]{minimal}
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                \begin{document}$$ZH$$\end{document}$ by changing external parameters like the gauge boson mass, the gauge coupling, or the PDF, all of which can (and are) determined independently through other processes. The effect of higher orders on this similarity between the DY components will be studied below. Note that any New Physics most likely respects the well-established gauge symmetry between the *W* and the *Z*, and thus preserves the strong tie between the DY-components for $\documentclass[12pt]{minimal}
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                \begin{document}$$ZH$$\end{document}$ production. For example, in a general 2-Higgs-Doublet-Model (2HDM), the ratio of the DY components for $\documentclass[12pt]{minimal}
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                \begin{document}$$WH$$\end{document}$ production is the same as in the SM.
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                \begin{document}$$\sigma ^{VH}_\text {non-DY}$$\end{document}$, the dominant contribution in the SM for $\documentclass[12pt]{minimal}
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                \begin{document}$$V=Z$$\end{document}$ is due to the gluon-initiated process $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{gg}$$\end{document}$. The generic set of diagrams contributing to this sub-process at LO is shown in Fig. [1](#Fig1){ref-type="fig"}. We stress that, within QCD, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma _{gg}$$\end{document}$ is well-defined since it is separately finite and gauge invariant to all orders of perturbation theory. In BSM theories, also $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma ^{ZH}_\text {non-DY}$$\end{document}$. None of these have a correspondence in $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma ^{WH}_\text {non-DY}=0$$\end{document}$.

The current theoretical precision is quite different for the first two components on the l.h.s. of Eq. ([1](#Equ1){ref-type=""}). While $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma ^{VH}_{\text {DY}}$$\end{document}$ is known through NNLO QCD \[[@CR11]--[@CR15]\], i.e. $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathcal O}(\alpha _s^2)$$\end{document}$, the current theory prediction for the total inclusive cross section of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{gg}$$\end{document}$ is based on the full LO calculation, which is also of order $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{gg}$$\end{document}$ amounts to about 6% of the total $\documentclass[12pt]{minimal}
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                \begin{document}$$M_\text {H}=125$$\end{document}$ GeV in *pp* collisions at 13 TeV. A full calculation of the relevant NLO corrections, i.e. $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathcal O}(\alpha _s^3)$$\end{document}$, is not yet available. However, assuming that it depends only weakly on the top-quark mass, as it is the case for the gluon-fusion process $\documentclass[12pt]{minimal}
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                \begin{document}$$gg\rightarrow H$$\end{document}$, the NLO correction factor has been found to be of the order of two, which increases the $\documentclass[12pt]{minimal}
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                \begin{document}$$gg\rightarrow ZH$$\end{document}$ contribution to the total cross section accordingly \[[@CR18], [@CR19]\]. Higher order terms in $\documentclass[12pt]{minimal}
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                \begin{document}$$1/M_\text {t}$$\end{document}$ were evaluated in Ref. \[[@CR20]\], but their validity is restricted to an invariant mass $\documentclass[12pt]{minimal}
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                \begin{document}$$M_{ZH}<2M_\text {t}$$\end{document}$. Concerning differential distributions, the amplitudes for 2- and 3-parton final states including the full quark-mass dependence have been merged in order to obtain a reliable prediction at large transverse momenta of the Higgs boson \[[@CR21], [@CR22]\]. For $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{gg}$$\end{document}$ at NLO. Including NLL resummation, this reduces to about 7% \[[@CR19]\]. The PDF uncertainties[1](#Fn1){ref-type="fn"} are at the 2% and 4% level for the DY and the *gg* component, respectively. NNLO+PS implementations of the $\documentclass[12pt]{minimal}
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                \begin{document}$$ZH$$\end{document}$ process have been presented in Refs. \[[@CR27], [@CR28]\].

New-physics effects {#Sec4}
-------------------

The gluon-initiated component reveals some interesting features which predestines it as a probe for new physics. First of all, it is loop-induced, which means that it is particularly sensitive to as-of-yet unknown particles which might couple the initial-state gluons to the $\documentclass[12pt]{minimal}
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                \begin{document}$$ZH$$\end{document}$ final state. Second, the dominant contribution in the SM is due to top-quark loops, which lead to a characteristic threshold-structure in various kinematical distributions of the cross section. The application of appropriate cuts thus allows for enriching the $\documentclass[12pt]{minimal}
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Deviations from the SM, like modified Yukawa couplings, new colored particles, or an extended Higgs sector, are thus likely to manifest themselves in the $\documentclass[12pt]{minimal}
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In this paper, however, we want to focus on the invariant mass distribution $\documentclass[12pt]{minimal}
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                \begin{document}$$2M_\text {t}$$\end{document}$, on the other hand, distinctly reflects the impact of New Physics. Specifically, this region crucially depends on the top-quark Yukawa coupling, both in magnitude and sign, as shown in Fig. [3](#Fig3){ref-type="fig"}a, b. In addition, new heavy particles which contribute to the effective *ggZH* coupling might also reveal extra threshold structures in the invariant mass spectrum, as shown using the example of vector-like quarks in Fig. [3](#Fig3){ref-type="fig"}c. Non-minimal Higgs bosons which contribute through *s*-channel exchange lead to yet other features in this spectrum, see Fig. [3](#Fig3){ref-type="fig"}d, which shows $\documentclass[12pt]{minimal}
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Extracting the non-DY component from data {#Sec5}
=========================================

The double ratio {#Sec6}
----------------

The high accuracy to which the DY component is known theoretically suggests a simple comparison of the experimentally determined $\documentclass[12pt]{minimal}
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In this paper, we propose to analyze the data from Higgs--Strahlung by making use of a very specific feature for this process which has been alluded to in Sect. [2.1](#Sec3){ref-type="sec"}, namely the similarity between the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ZH$$\end{document}$ and the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$WH$$\end{document}$ process.[3](#Fn3){ref-type="fn"} For this purpose, let us define the double ratio$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \begin{aligned} R_R^{ZW} = \frac{\sigma ^{ZH}/\sigma ^{WH}}{\sigma ^{ZH}_{\text {DY}}/\sigma ^{WH}} \equiv \frac{R^{ZW}}{R_{\text {DY}}^{ZW}}. \end{aligned} \end{aligned}$$\end{document}$$Obviously, if all quantities are evaluated theoretically, it is $\documentclass[12pt]{minimal}
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The denominator of Eq. ([7](#Equ6){ref-type=""}), on the other hand, referred to as the DY ratio in what follows, can be calculated within the SM with rather high precision, as will be discussed below. In addition, it can hardly be affected by any New-Physics effects, because of the strong theoretical and experimental constraints on the electro-weak gauge couplings, as already discussed in Sect. [2.1](#Sec3){ref-type="sec"}.
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                \begin{document}$$ZH$$\end{document}$ as a probe for New Physics has been first suggested in Ref. \[[@CR9]\], where the 2HDM was considered as an example at the level of total cross sections, partly with boosted topology. In this paper we provide a much more elaborate investigation of that proposal, on the basis of differential quantities and including an estimate of the expected experimental uncertainty through the analysis of a simulated event sample.

Theory prediction for the DY ratio {#Sec7}
----------------------------------

At the level of the total cross section, $\documentclass[12pt]{minimal}
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                \begin{document}$$R_{\text {DY}}^{ZW}$$\end{document}$ receives corrections of only 0.2% at NLO, while the NNLO corrections on top of that are at the per-mill level. This is quite remarkable as the NLO corrections on the numerator and denominator in that ratio amount to 16%; the NNLO corrections on the other hand, are less than 1% on top of that.
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Estimate of the experimental uncertainty {#Sec8}
----------------------------------------

In this section, we will provide a rough estimate of the uncertainty on the double ratio by combining the theoretical uncertainty on $\documentclass[12pt]{minimal}
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### Details of the simulated analysis {#Sec9}

We construct a hadron-level analysis, including decays of the vector bosons and the Higgs boson. The parton-level events for signal and backgrounds are generated at NLO using MadGraph5_aMC\@NLO for all samples, except for $\documentclass[12pt]{minimal}
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Jets are reconstructed using the anti-$\documentclass[12pt]{minimal}
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### Analysis strategy {#Sec10}

The 13 TeV ATLAS analysis of Ref. \[[@CR40]\] considered three event selections, corresponding to the $\documentclass[12pt]{minimal}
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Figure [8](#Fig8){ref-type="fig"} compares the hadron-level prediction, after analysis cuts, of the ratio $\documentclass[12pt]{minimal}
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                \begin{document}$$R_{\text {DY}}^{ZW}$$\end{document}$ to the parton-level prediction. The parton-level prediction was constructed from the truth-level *W* and Higgs boson momenta, whereas the hadron-level curve was constructed through the combination of the reconstructed four-momenta of the *W* boson and the Higgs boson. For the *W* boson, a random choice was made between the two solutions for the *z*-component of the neutrino momentum. Figure [8](#Fig8){ref-type="fig"} shows that this ratio is only moderately affected by the analysis and thus can be calculated fairly reliably within perturbation theory for the inclusive cross section. It is conceivable that the analysis could be modified appropriately to preserve more closely the parton-level form of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_{\text {DY}}^{ZW}$$\end{document}$.Table 1Numerical results for the double ratio $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R^{ZW}_R$$\end{document}$ and the associated statistical and systematic uncertainties, obtained by mimicking the analysis of Ref. \[[@CR40]\]. The statistical uncertainty is evaluated for three values of the integrated luminosity ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal {L} = 36.1$$\end{document}$, 300, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$3000\,\hbox {fb}^{-1}$$\end{document}$). The systematic uncertainty is shown by assuming the individual systematic uncertainties of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ZH$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$WH$$\end{document}$ to be fully uncorrelated, moderately-correlated, and fully correlated, respectively ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{ZW} = (0, 0.5, 1.0)$$\end{document}$). In the second line, the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$VH$$\end{document}$ invariant mass was restricted to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{VH}\in (350,650)$$\end{document}$ GeV. The systematic uncertainties are assumed to be unchanged by this restriction$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_R^{ZW}$$\end{document}$Stat. ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathcal L}/\text {fb}^{-1}$$\end{document}$)Syst. ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{ZW}$$\end{document}$)36.1300300000.51All $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{VH}$$\end{document}$1.49± 0.90± 0.31± 0.10± 0.90± 0.66± 0.25Restricted $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{VH}$$\end{document}$1.55± 1.08± 0.38± 0.12± 0.90± 0.66± 0.25

Numerical results {#Sec11}
=================

Calculation of experimental uncertainties {#Sec12}
-----------------------------------------
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We assume that the (symmetrized) systematic uncertainties $\documentclass[12pt]{minimal}
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Let us first consider integrated quantities before turning to a more differential analysis below. From the hadron-level selection described in Sect. [3.3.1](#Sec9){ref-type="sec"}, it has been found that the analysis of Ref. \[[@CR40]\] favors events with $\documentclass[12pt]{minimal}
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Due to the present rudimentary treatment of systematic uncertainties, these are only considered inclusively, and thus assumed unchanged by this restriction on the $\documentclass[12pt]{minimal}
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Figure [10](#Fig10){ref-type="fig"} demonstrates how an experimental measurement would look like, assuming that a $\documentclass[12pt]{minimal}
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Conclusions {#Sec15}
===========

We have investigated New-Physics effects in the gluon-initiated Higgs-Strahlung process $\documentclass[12pt]{minimal}
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In order to uniquely establish New-Physics effects from this method, the theoretical control of the $\documentclass[12pt]{minimal}
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                \begin{document}$$gg\rightarrow ZH$$\end{document}$ component needs to be further increased, for example by including SM top-mass effects at NLO. Considering the steady improvement of theoretical methods and existing calculations for very similar processes (see Ref. \[[@CR45]\]), it is beyond doubt that this can be achieved in time for the analysis of HL-LHC data.

Using PDF4LHC15_nnlo_100 \[[@CR26]\].

Here and in what follows, we use the notation in Eq. ([4](#Equ3){ref-type=""}) for a generic distribution. More explicitly, we may write for a distribution in a specific kinematic variable $\documentclass[12pt]{minimal}
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We note that, at the level of the actual Drell--Yan process of virtual *V* production, $\documentclass[12pt]{minimal}
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                \begin{document}$$V=Z$$\end{document}$ has been used before as an alternative way to measure the *W* boson mass at hadron colliders \[[@CR31]\].

We use the default setting sbarelep=1 of HAWK for the final-state leptons, meaning that they are not re-combined with photons. For the *Z* decay into neutrinos, which is not considered in our analysis, the electro-weak corrections amount to about 10%.

Recall again that we only consider leptonic *Z* decays; for $\documentclass[12pt]{minimal}
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These are expected to be sub-dominant with respect to the 'irreducible' backgrounds, as is indeed the case in e.g. Ref. \[[@CR40]\].

In the case of a negative discriminant in the quadratic equation, the $\documentclass[12pt]{minimal}
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An earlier version of these results, based on lower statistics of our simulation, has been presented in Ref. \[[@CR44]\].
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                \begin{document}$$gg\rightarrow ZH$$\end{document}$ process contribution, this also ensures that the 1-lepton and 2-lepton analyses select similar phase space regions so as to facilitate cancellation of systematic uncertainties.
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